destabilized by approximately 15-fold with S130 from wild-type virus-infected cells but was not destabilized with S130 from mock-infected cells or from cells infected with either of the two HSV mutants. The virusinduced destabilizing activity had no significant effect on the in vitro half-lives of two normally unstable mRNAs, histone and c-myc. No destabilizing activity was detected in polysomes from infected cells. We conclude that a virus-induced destabilizer activity can function in vitro, is located in the S130 of infected cells, and accelerates the decay rates of some, but not all, polysome-associated host mRNAs.
INTRODUCTION
The regulation of mRNA turnover plays an important role in determining the level of expression of many genes. For example, the abundance of some 'housekeeping' mRNAs is determined primarily by their cytoplasmic half-lives, not by their gene transcription rates (1) . The half-lives of mRNAs such as histone and tubulin fluctuate with the cell cycle phase, while the halflives of c-myc and c-fos mRNAs vary as a function of cell growth rate and stage of differentiation (reviewed in [2] [3] [4] . Those Estrogen has limited and specific effects, regulating the stabilities of only a few mRNAs in hepatocytes (reviewed in 5). In contrast, when herpes simplex virus type 1 (HSV-1) infects mammalian cells, most host mRNAs are rapidly destabilized in a seemingly non-specific manner. Host mRNAs with half-lives of 20 hours or more (in uninfected cells) are almost completely degraded by two to four hours after viral infection begins (6) (7) (8) (9) (10) (11) (12) (13) (14) . Rapid destabilization, coupled with virus-induced transcriptional downregulation (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) , ensures that host gene expression is virtually silenced, even at early times post-infection.
Host mRNA destabilization occurs in two phases, referred to as early and late shutoff. The early destabilization response, which is the focus of this paper, results, at least in part, from the action of a virion host shutoff (vhs) protein (8, 14, (16) (17) (18) (19) . This 58 kDa, 489 amino acid protein is associated with the virion tegument and is encoded by the UL41 open reading frame (15, G. S. Read personal communication). Host cell mRNA is rapidly degraded even when infections are carried out in the presence of actinomycin D (8, 13) , indicating that the vhs protein alone is sufficient for early shutoff (destabilization) in the absence of viral protein synthesis. Viral mRNAs also are less stable in the presence than in the absence of vhs protein (8, 14, 17) . When cells are infected with HSV-1 mutants defective in the early shutoff function, mRNA halflives are unchanged at early times after infection (19) (20) (21) . Only at later times are host mRNAs destabilized, presumably in response to an incompletely characterized late shutoff function that requires viral gene expression and is active in the absence of the vhs protein (reviewed in 22) . One well-characterized early shutoff mutant virus, vhs], grows more slowly and has a significandy lower burst size than its wild-type counterpart but is viable in tissue culture cells (19) . Therefore, although the vhs protein is not essential for viral replication, it is required for optimal growth and might play a more prominent role in whole animal infections (17) .
Perhaps the most interesting aspect of the HSV-induced mRNA destabilization process is its lack of specificity. The (24) . The nuclei were removed by low speed centrifugation, and the post-nuclear supernatant was layered over a 1.5 mi cushion of 30% sucrose dissolved in low salt buffer. The tube was centrifuged at 130,000xg in a SW60 rotor at 2'C for 2.5 h (24) . The S130 fraction above the cushion was removed, the polysome pellet was washed and resuspended in low salt buffer, and both fractions were stored at -80°C.
In vitro mRNA decay reactions A previously described in vitro mRNA decay system (24) was used but was modified in several ways, because cellular mRNAs are rapidly degraded in HSV-l infected MEL cells (11,12; Fig. 1 note that the potassium acetate concentration in these experiments was lower than the 100 mM concentration used in our previously described reactions (24) . The lower potassium concentration was necessary for optimal activity of the viral-induced mRNA destabilizer (unpublished observations). Where noted, an equal number of cell equivalents of S130 or polysomes from mock or HSV-infected MEL cells was added to the reactions containing uninfected K562 polysomes in a 1:1 or 2.5:1 cell equivalent ratio, respectively. Reactions were incubated at 37°C for various times. At each time point 5 jig of total RNA was assayed as described below.
Analysis of polysome-associated mRNA SI nuclease mapping was performed as previously described (24) .
The human y-globin probe was the 3'-EcoR I fragment from the -y-globin gene (33) that protects the 3'-terminal 167 nucleotides (nt) of the mRNA. The human H4 histone mRNA probe was a 300 bp Nco I-Hind mII fragment from the structural gene clone pHh4A (34) with a uniformly labeled Ssp I-EcoR I fragment from the human c-myc gene, as previously described (23) . These human probes do not cross-hybridize with their mouse counterparts under these conditions (unpublished observations). To quantitate mRNA decay rates, autoradiograms developed without intensifying screens were analyzed by laser densitometry using an LKB Ultroscan XL densitometer and GelScan XL software (LKB Pharmacia Biotechnology).
RESULTS

HSV-induced mRNA destabilization in MEL cells
Within an hour following inoculation of permissive cells with HSV-1, most host mRNAs are destabilized and begin to disappear (6) (7) (8) (9) (10) (11) (12) (13) (14) . The vhs function is responsible for mRNA destabilization, for the rapid (early) shutoff of host protein synthesis (6, 7, 11, 12) , and for disaggregation of polysomes (12, 14) . This function allows HSV-1 to seize the cell's translation machinery for its own use, by eliminating competition with cellular mRNAs.
As a baseline for the in vitro experiments described below, the steady-state levels of five MEL cell mRNAs were measured following infection by HSV-1. Each mRNA decreased after virus inoculation, albeit at different rates and to different extents, consistent with previous observations (7, 10, 11, 13) . ,B-globin and GAPDH mRNAs, which are normally stable (35, 36) , decreased by ten-fold or more by 60 min post-inoculation ( Fig. 1 , panels A and B). c-myc mRNA, which is normally very unstable, also disappeared rapidly (panel C). Histone mRNA decreased by a maximum of only 45 % during the first 180 min post-inoculation but disappeared more rapidly thereafter, consistent with some previous reports (compare ref. 10 Analysis of HSV-induced mRNA destabilization in a cell-free system We asked whether extracts from HSV-infected MEL cells accelerated the degradation of K562 polysomal mRNAs. It seemed essential to use polysome-associated rather than free mRNAs as the targets in these assays, because some mRNA stability-regulating factors analyzed in our laboratory were detected using polysomes but not free mRNA, implying that polysome structure is essential for proper regulation of mRNA stability (23, 25, 37, 38 , and unpublished observations). Uninfected K562 cell polysomal mRNAs were used as targets, rather than host (MEL) mRNAs, because MEL mRNAs begin to be degraded soon after virus inoculation (see above). Therefore, the K562 polysomes provided reproducible and uniform mRNA substrates which had not been subjected to prior abuse by Preliminary experiments indicated that crude cytoplasmic extracts from infected MEL cells destabilized some K562 mRNAs (data not shown). To determine the source of the destabilizing activity, polysomal and post-polysomal supematant (S130) fractions were isolated from infected MEL cells. Each fraction was then mixed in separate reactions with K562 polysomes, and the decay of human -y-globin mRNA was monitored. The mRNA was very stable (half-life >500 min) in reactions containing S130 from mock-infected cells ( Fig. 2A, top, in reactions containing S130 from wild-tpe HSV-l-infected MEL cells (Fig. 2B , bottom, and Fig. 2C, circles) . Similar results were observed with GAPDH mRNA (Fig. 3) . These (Fig. 2C) . One possible explanation for this difference is that two destabilization activities, corresponding to the early and late host shutoff functions, were being detected in these assays. Perhaps the early (vhs) shutoff activity was labile in vitro and was inactivated after 20 to 30 min at 37°C, while the late shutoff activity (in S130 from 360 min post-inoculation) remained active until 100% of the mRNA had been degraded. In reactions supplemented with polysomes from HSV-infected cells, -y-globin mRNA was not significantly destabilized at a ratio of 2.5:1 (infected:target) cell equivalents of polysomes (Fig. 4) . Similar results were observed at a ratio of 7.5:1 infected:target polysomes (data not shown). Therefore, an mRNA destabilizing activity is not detected in infected cell polysomes under these in vitro conditions.
To determine whether the destabilizing activity appeared even earlier than 60 min post-inocuation, S130 was prepared from MEL ;-Globin -* approximately 30 min (Fig. 5, time 0) . Its half-life was 15 to 30 min with S130 from cells exposed to virus for only 15 to 30 min (Fig. 5) . Therefore, the onset of the destabilization response occurred very rapidly following virus adsorption, consistent with it being induced by a virion protein (see below). -y-Globin mRNA was not destabilized when intact, purified virions were added directly to the cell-free reactions (data not shown), implying that virus adsorbtion was required to induce or activate the destabilization process. Moreover, the destabilizing activity of infected cell S130 was not simply a secondary effect resulting from virus-induced inhibition of translation, since S130 prepared from To determine whether the destabilizer activity also affected normally short-lived mRNAs, the in vitro stabilities of c-myc and histone mRNAs were monitored. In an RNase protection assay with a c-myc probe, four bands were observed with unincubated polysomes (Fig. 6A, lanes 0) . These bands correspond to intact c-myc mRNAs that differ only in their poly(A) addition sites (23) . The intensity of each band diminished at similar rates in reactions containing S130 from mock-infected and infected cells (Fig. 6A) . Histone mRNA decay also was unaffected by S130 from HSV-l-infected cells (Fig. 6B) . One interpretation of these results is that the half-lives of c-myc and histone mRNAs were at their maximums under these conditions and could not be further influenced by the S130 (1,25,37,38) . Presumably, transcriptional down-regulation in infected cells accounts for the rapid depletion of some inherently unstable mRNAs like c-myc (Fig. 1C) . The regulation of histone mRNA levels in infected cells is not well understood (see Discussion).
Correlation between in vitro destabilizing activity and the vhs protein To determine whether the HSV-1-induced S130 destabilizing activity correlated with functional vhs protein, S130 was prepared from MEL cells infected with either of two HSV-1 mutants, vhsl or vhs-ASma. Both mutants are defective in the early shutoff function, do not induce mRNA destabilization during the early stages of infection, but do induce destabilization late in infection from each reaction was annealed to a unifonnly 3 P-labeled 620 nt RNA probe from the 3' region of c-myc mRNA (23 (Fig. 2) but not in the polysomes (Fig. 4 ).
Krikorian and Read observed that viral mRNAs are also unstable in extracts from infected cells (26) , implying that mRNA destabilization is, for the most part, non-specific. Therefore, our observation that S130 from wild-type virus-infected cells did not destabilize c-myc and histone mRNAs was unexpected (Fig. 6 ). Perhaps these mRNAs, being inherently short-lived, were already being degraded at or near their maximum rates. HSV-induced destabilizing activity could then exert little or no additional effect. In support of this notion, we observed that S130 from wild-tpe virus-infected cells reduced the -y-globin mRNA half-life to approximately 15-30 min, which is similar to the normal halflives of c-myc and histone mRNAs. In order to correlate steadystate mRNA levels with mRNA decay rates in HSV-infected cells, it will be necessary to understand how the virus affects the transcription rates of specific genes [e.g., histone, c-myc, and PABP (see Fig. 1 , panel E)] throughout the infectious cycle. Since histone mRNA lacks poly(A) and is apparently maintained at an unusually high level in some (ref. 10 and Fig. 1, panel D) but not all cells (13) , it will also be important to determine whether the HSV destabilizer affects polyadenylated and non-polyadenylated mRNAs in different ways.
Perhaps the major question raised by these observations is how the viral-encoded vhs (destabilizer) function induces rapid degradation of so many mRNAs. There are at least four possible mechanisms. One involves direct activation of a latent cellular RNase, similar to RNase L activation in interferon-treated cells (39, 40) . HSV-l-induced destabilization is unlikely to involve RNase L, however, since it begins very soon after virus adsorption and does not require de novo cellular or viral gene expression. A second mechanism involves inactivation of RNase inhibitors followed by activation of 'non-specific' RNases. Little is known about the function of RNase inhibitors in mammalian cells, but the best characterized one is apparently ubiquitous and, by implication, important for RNA metabolism (41 infections with HSV-1 and HSV-2 or with wild-type HSV-1 and vhs mutants (47, 48) . Another major question concerns the pathway by which host mRNAs are degraded. We have not detected discrete mRNA degradation products in infected cells, presumably because they are so labile. Nevertheless, we favor a pathway involving endonucleolytic cleavage of polysome-associated mRNAs, because functional inactivation and degradation of host mRNAs occur so rapidly following viral adsorption. Endonucleolytic cleavage within the mRNA coding region would block translation in a single step, whereas exonucleolytic cleavage would necessitate multiple hits to block translation. We also suggest that the putative mRNase is ribosome-associated, which could account for the apparent sparing of some host mRNAs (Fig. lE) . That is, poorly translated mRNAs would be exposed less frequently than efficiently translated ones to a ribosome-associated nuclease.
At least three other viruses, vaccinia, adenovirus, and influenza, also induce host mRNA destabilization during their replication (49) (50) (51) (52) , but the role of destabilization in the viral life cycle is not clear. In the case of HSV-1, switching from immediate-early to early to late gene expression is controlled to a large extent transcriptionally (22, 53) . If rapid mRNA turnover is coupled with transcriptional and translational regulation to ensure efficient mRNA class switching and orderly virion assembly, then the vhs protein might have two major functions: to degrade host mRNAs, thereby liberating cellular ribosomes for viral mRNA translation; to degrade immediate-early and other viral mRNAs, thereby facilitating rapid transitions in viral gene expression. If so, there might be some interesting functional similarities between the vhs protein and the recently described ORF61.9 gene product of bacteriophage T4 (54) . ORF 61.9 encodes or induces an endonuclease that cleaves between G and A in Shine-Dalgarno sequences. Ruckman et al. (54) suggest that T4 immediate-arly mRNAs have especially strong Shine-Dalgarno sequences which permit a rapid burst of expression at early times. These same sequences also ensure rapid mRNA degradation via the ORF61.9 gene product, thereby facilitating the immediate-early to early switch. It will be most interesting to know if the first step in vhs protein-mediated mRNA decay also involves cleavages at a limited number of sites.
